This report highlights recent developments in the synthesis of indolizidine iminosugars. Different synthetic strategies have been used such as ring-closing metathesis, dihydroxylation, asymmetric epoxidation, [3,3]-sigmatropic rearrangement, desymmetrization, and amination. The potential application of our amination methodology that uses chlorosulfonyl isocyanate (CSI) for producing a variety of polyhydroxylated alkaloids will be presented.
INTRODUCTION
Iminosugars (or azasugars) are structural analogues of carbohydrates in which the ring oxygen is replaced by a nitrogen atom. These iminosugars have been reported to inhibit various glycosidases in a reversible or competitive manner due to a structural resemblance to the sugar moiety of the natural substrate.
Glycosidases are enzymes that are involved in a wide range of anabolic and catabolic processes that are based on molecular recognition. These biological processes include intestinal digestion, the biosynthesis inhibitors have shown remarkable therapeutic potential in many diseases such as viral infections, diabetes mellitus, obesity, genetic disorders, and tumor metastasis, much attention has been directed at iminosugars as future drugs. For example, two N-alkylated derivatives of deoxynojirimycin, miglitol (Glyset TM ) and N-butyl-deoxynojirimycin (Zavesca TM ), are drugs for the treatment of type II diabetes mellitus and Gaucher's disease, respectively.
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Over the past 40 years, more than 100 polyhydroxylated alkaloids have been isolated from both plants and microorganisms. Naturally occurring polyhydroxylated alkaloids with a nitrogen atom in the ring are divided into five structural classes: pyrrolidines, piperidines, pyrrolizidines, indolizidines, and nortropanes. These alkaloids bind directly or indirectly to the active sites of glycosidases, because of their structural resemblance to the corresponding natural substrates. The realization that these azasugars might have enormous therapeutic potential in many diseases has led to the development of an impressive number of synthetic routes to create such compounds. 3 In 1966, nojirimycin (1, NJ) was discovered as the first natural polyhydroxylated alkaloid that mimics a sugar ( Figure 1 ). It was isolated from a Streptomyces filtrate, 4 and was found to be a potent inhibitor of α-and β-glucosidase.
5
Mannojirimycin (2, manno-NJ) and galactonojirimycin (3, galacto-NJ), two other iminosugars containing the hydroxyl group at C-1, were also isolated from the fermentation broth of Streptomyces species. Mannojirimycin (2) was co-produced with nojirimycin by Streptomyces lavendulae SF-425, 6 while galactonojirimycin (3) was isolated from Streptomyces lydicus PA-5726 as a potent β-galactosidase inhibitor. 7 Since these iminosugars bearing a hydroxyl group at C-1 are fairly unstable, they are relatively difficult to isolate and handle, and are usually stored as bisulfite adducts. 
Figure 1
The first 1-deoxy derivative, 1-deoxynojirimycin (4, DNJ), was first chemically synthesized from l-sorbofuranose 8 by the reduction of 1. This compound was found to be a potent inhibitor of α-glucosidases and other glycosidases.
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The 2-epimer of 4, 1-deoxymannojirimycin (5, DMJ) was first isolated from the seeds of the legume Lonchocarpus sericeus found in the West Indies and tropical America. This compound showed strong inhibitory activities toward several mannosidases as shown in Figure 2 . 
Figure 2
The first example of indolizidine alkaloids was swainsonine (6), isolated from the leaves of Swainsona canescens in 1979.
14 Later it was also found in Astragalus spp., together with swainsonine N-oxide. 15 The trihydroxylated indolizidine 6 has received much attention due to an effective α-mannosidase inhibitory action.
It was also the first inhibitor to be selected for testing as an anticancer drug, reaching phase I clinical trials (Figure 3) . 
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Figure 3
The tetrahydroxylated indolizidine, castanospermine (7) , is a bicyclic analogue of deoxynojirimycin that has an ethylene bridge between the hydroxymethyl group and the nitrogen atom. It was first isolated in 1981 from the seeds of Castanospermum australe and its structure was confirmed by X-ray crystallography. 17 Castanospermine was found to be a powerful inhibitor of human α-and β-mannosidases.
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Lentiginosine (8) and 2-epi-lentiginosine (9), extracted from the leaves of Astragalus lentiginosus in 1990, 19 are the first α-glucosidase inhibitors that have been found to possess only two hydroxyl groups.
The biosynthetic origin of these dihydroxylated indolizidine alkaloids is related to other polyhydroxylated indolizidine alkaloids such as 6 and 7. 20 Lentiginosine is a potent competitive inhibitor (IC 50 5μg/mL) of fungal amyloglucosidase, while the 2-epimer 9 has no activity toward any of the glycosidase that were tested. 19 Given the enormous therapeutic potential of iminosugars, the development of improved synthetic methodologies for their synthesis has become the objective of many synthetic chemists. This report highlights recent developments in the synthesis of indolizidine iminosugars according to the different synthetic strategies, i.e. ring-closing metathesis, dihydroxylation, asymmetric epoxidation, [3,3]-sigmatropic rearrangement, desymmetrization, and amination. In addition, the potential application of our amination methodology that uses chlorosulfonyl isocyanate (CSI) to produce a variety of polyhydroxylated alkaloids will be described.
RESULTS AND DISCUSSION
Ring-Closing Metathesis
The last 13 years have witnessed considerable development of metathesis reactions and an explosion of their application in organic synthesis. In the construction of iminosugars, the RCM reaction is one of the most efficient strategies to construct the heterocycle with the formation of the double bond in the right position occurring simultaneously in a single step.
In the total synthesis of (-)-lentiginosine reported by Singh et al., the ring-closing metathesis was used as the key step for the construction of the indolizidine skeleton, as illustrated in Scheme 1. 22 The synthesis of (-)-8 started with the diol 10, which was prepared from commercially available D-mannitol by a previously described method. The cleavage of the diol 10 with lead tetraacetate gave a crude aldehyde, which was reduced to the alcohol by treatment of sodium borohydride. The alcohol, without any purification, was converted into the azide 11 by treating its tosylate with sodium azide in DMF. The acetonide group of 11 was removed to give the diol 12 by treatment of trifluoroacetic acid in a mixture of THF and water. 
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This strategy was based on a highly selective addition of vinylmagnesium bromide to nitron 22 derived from L-tartaric acid. the amine 24 was then coupled with but-3-enoic acid to yield amide 25.
The RCM reaction of 25 was performed with the first generation Grubbs catalyst to give indolizidinone 26, which was transformed into the target (+)-lentiginosine (8) for two steps.
Dihydroxylation
Dihydroxylation reactions using osmium tetroxide (OsO 4 ) in the presence of N-methylmorpholine N-oxide (NMO) have found wide application in the synthesis of a large number of iminosugars. In recent work by Parsons and coworkers, a key step in the formal synthesis of (-)-8-epi-swainsonine was based on a diastereoselective dihydroxylation of a cyclic carbamate 27, as illustrated in Scheme 4.
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The HOMO of 27 has an unsymmetrical π bond with higher electron density on the endo face of the bicyclic system.
Therefore, cis-dihydroxylation of 27 using OsO 4 and NMO led to the formation of the endo diol 28 as a major product. After the acetonide protection of diol 28 followed by hydrolysis of carbamate, the resulting amine was protected using (Boc) 2 O. The primary alcohol was oxidized using TPAP to give the aldehyde 29 in high yield. 
Asymmetric Epoxidation
A total synthesis of (-)-swainsonine (6) respectively. The facial selectivity in the dihydroxylation can be explained by the addition of the bulky osmium reagent to the α-face of the molecule. However, the attack from the β-face would be hindered by the pseudoaxial protons H 8α and H 3β , as shown in Figure 5 . In contrast, a poor diastereoselectivity of 2:1 was obtained with the use of OsO 4 and NMO. Finally, the removal of the protecting group of 39 gave (-)-swainsonine (6) . In the light of this work, (+)-1,2-di-epi-swainsonine was prepared from the 2,5-dihydropyrrole 37 in a similar way, just via reversing the order of the dihydroxylation and the cyclization reactions, as illustrated in Scheme 6. This strategy shows an excellent diastereoselectivity of the dihydroxylation of 37 to give 40 as a sole diastereomer in 90% yield. The diastereoselectivity of the dihydroxylation can be explained by the steric hindrance of the C-2 substituent on 2,5-dihydropyrrole.
Sigmatropic Rearrangement
Ichikawa and coworkers demonstrated a total synthesis of (+)-lentiginosine (8) from L-tartaric acid as a starting material. The chiral auxiliary, p-menthane-3-carbaldehyde (48), prepared from menthone in enantiomeric enriched form, was used to induce stereochemistry, and to provide the required allylic azide. Treatment of the starting aldehyde 48 with a vinyllithium reagent afford the alcohol 49, which was then subjected to the Mitsunobu reaction condition to give the azide 50 in an excellent level of diastereoselectivity of 95:5. The stereochemical outcome can be explained by S N 2 displacement of the intermediate phosphonyloxy group by the azide group followed by a [3,3]-sigmatropic rearrangement to the thermodynamically favored regioisomer. After further manipulations, the diene 51 was subjected to RCM using the Grubbs-Nolan catalyst 31 to give pyrrolidine 52 in an excellent yield. Stereoselective epoxidation, removal of TBDPS group, and the introduction to the tosylate gave 53, which was cyclized to afford 54. Finally, regioselective ring opening of the epoxide provided (+)-lentiginosine (8) . 
Amination
We recently reported a novel regioselective and diastereoselective amination of a variety of allylic ethers using chlorosulfonyl isocyanate (CSI) to give allylic amines. and amination. It is believed that these synthetic strategies can be applied to the preparation of a large range of polyhydroxylated alkaloids or other natural products containing a nitrogen atom in the ring. Even though many successful and efficient routes to iminosugars have been developed, as presented in this minireview, there is still a great deal of research remaining to improve these syntheses in a short, flexible, and highly stereospecific fashion.
